Drought stress induces stomatal closure and inhibits stomatal opening simultaneously. However, the underlying molecular mechanism is still largely unknown. Here, we show that the slow-type (S-type) anion channels SLAC1 and SLAH3 mainly inhibit the inward-rectifying K + channel KAT1 by protein-protein interaction and consequently prevent stomatal opening in Arabidopsis thaliana. Voltage-clamp results demonstrated that SLAC1 inhibited KAT1 dramatically but did not inhibit KAT2. SLAH3 inhibited KAT1 to a lesser extent than did SLAC1. Both the N and C termini of SLAC1 inhibited KAT1, but the inhibition by the N terminus was stronger. The C terminus was essential for SLAC1-mediated inhibition of KAT1. Furthermore, drought stress strongly upregulated the expression of SLAC1 and SLAH3 in Arabidopsis guard cells, and the overexpression of wildtype and truncated SLAC1 dramatically impaired inward K + (K + in ) currents of guard cells and light-induced stomatal opening. Additionally, the inhibition of KAT1 by SLAC1 and KC1 only partially overlapped, suggesting that SLAC1 and KC1 inhibited K + in channels via different molecular mechanisms. Taken together, these findings reveal a novel regulatory mechanism for stomatal movement, in which signaling pathways for stomatal closure and opening are directly coupled by protein-protein interaction between SLAC1/SLAH3 and KAT1 in Arabidopsis.
INTRODUCTION
Stomata and their surrounding pair of guard cells are gateways in the epidermis that link the intercellular gas space to the outer environment in higher plants. The stomatal aperture is regulated by changes of turgor pressure in the guard cells, which result mainly from the flux of osmotic ions through ion channels in the vacuolar membrane and plasma membrane of guard cells (Raschke et al., 1988; Sentenac et al., 1992; Ward and Schroeder, 1994; Pandey et al., 2007; Ward et al., 2009; Kim et al., 2010; Kollist et al., 2014; Misra et al., 2015) .
Light is a natural principle factor that regulates stomatal opening in plants. Red light induces stomatal opening probably by enhancing photosynthetic activity Inoue et al., 2010) . Blue light is a specific signal for stomatal opening and is sensed by its receptors, phototropin1 (PHOT1) and PHOT2, which are consequently activated by autophosphorylation, and then bind to 14-3-3 protein (Kinoshita et al., 2001; Inoue et al., 2008 Inoue et al., , 2010 . The phototropins activate H + -ATPase by phosphorylation and inhibit anion channel activity (Roelfsema and Hedrich, 2005; Roelfsema et al., 2012; Kollist et al., 2014) . Both H + extrusion through H + -ATPase and the inhibition of anion channel activity result in plasma membrane hyperpolarization, which consequently triggers the influx of external K + (Assmann et al., 1985; Shimazaki et al., 1986; Shimazaki, 1999, 2002) . Abscisic acid (ABA) inhibits stomatal opening, probably through crosstalk between the blue light pathway and the ABA signaling pathway (Zhang et al., 2004 . K + is an important macronutrient in plant cells that is involved in maintaining the ionic environment and regulating osmolality. The uptake of K + into guard cells is the main driving force for stomatal opening (Walker et al., 1996; Lebaudy et al., 2007; Szczerba et al., 2009; Dreyer and Uozumi, 2011; Wang and Wu, 2013; Zörb et al., 2014) . K + enters guard cells mainly through inward K + (K + in ) channels, which are composed of several members of the Shaker family (Véry and Sentenac, 2003; Lebaudy et al., 2007; Ward et al., 2009; Hedrich, 2012; Roelfsema et al., 2012; Wang and Wu, 2013; Ronzier et al., 2014) . Each Shaker member has six transmembrane domains, a C terminus, and an N terminus. Shaker channels are assembled as diverse homo-or heterotetramers (MacKinnon, 1991; Daram et al., 1997; Dreyer et al., 2004; Lebaudy et al., 2008) . One exception is KC1, which is unable to form a homotetramer alone, but functions as an inhibitory subunit by integrating itself into the K + in channels (Reintanz et al., 2002; Geiger et al., 2009a; Jeanguenin et al., 2011) . The Shaker channel family has nine members in Arabidopsis thaliana, and five of these, i.e., KAT1 (potassium channel in Arabidopsis thaliana 1), KAT2, AKT1 (Arabidopsis potassium transporter 1), AKT2, and KC1 (Arabidopsis thaliana K + rectifying channel 1), are involved in the assembly of K + in channels in guard cells (Szyroki et al., 2001) . KAT1 is the first K + channel identified in plants (Schachtman et al., 1992; Nakamura et al., 1995; Véry et al., 1995) and represents the main K + in channel in Arabidopsis guard cells. Most K + in channels are predicted to be heterotetramers in Arabidopsis guard cells, considering the presence of the other four Shaker members in these cells. These diverse tetramers exhibit different electrophysiological characteristics (Dreyer et al., 1997; Pilot et al., 2001; Obrdlik et al., 2004; Xicluna et al., 2007) . SNAREs are involved in regulating K + in currents by affecting the trafficking and subcellular localization of KAT1 (Sutter et al., 2006; Eisenach et al., 2012; Zhang et al., 2015) . ABA-mediated inhibition of K + in currents was observed in Arabidopsis guard cells (Fan et al., 2008) , and G protein played important roles in this process . K + in currents of guard cell protoplasts were strongly reduced without impairing stomatal opening in the knockout mutants kat1 and kat2 (Szyroki et al., 2001; Lebaudy et al., 2008) , whereas both the K + in currents and stomatal opening were inhibited in dominant-negative KAT1 mutant plants in the wild-type background and dominant-negative KAT2 mutant plants in the kat2-1 mutant background (Kwak et al., 2001; Lebaudy et al., 2008) . Interestingly, it was reported recently that K + in currents of Arabidopsis guard cells were inhibited by over 80% and stomatal opening was also impaired in slac1-1 and slac1-3 mutants Laanemets et al., 2013) . Changes in cytosolic Ca 2+ and pH may be involved in the regulation of K + in channels in Arabidopsis guard cells (Blatt and Grabov, 1997; Wang et al., 2012; Laanemets et al., 2013) . Therefore, it seems that the regulatory mechanisms underlying K + in channel activity and stomatal opening are complex and that K + in currents of guard cells may not have to be completely blocked to inhibit stomatal opening, as diverse, interconnected molecular mechanisms are involved.
ABA and drought stress induce anion efflux through anion channels and further depolarize the plasma membrane of guard cells. This membrane depolarization activates the single outward K + (K + out ) channel GORK (guard cell outward rectifying K + channel), which allows K + efflux and leads to stomatal closure (Véry and Sentenac, 2002; Lebaudy et al., 2007; Ward et al., 2009; Kim et al., 2010; Hedrich, 2012; Roelfsema et al., 2012; Wang and Wu, 2013) . The gork knockout mutation abolishes K + out currents and impairs drought stress-induced stomatal closure (Ache et al., 2000; Hosy et al., 2003; Eisenach et al., 2014) . On the other hand, plasma membrane depolarization also activates anion channels and further results in anion efflux. R-type (rapid-type) and S-type (slow-type) anion currents were first observed in Vicia faba guard cell protoplasts using a patch-clamp technique (Keller et al., 1989; Schroeder and Keller, 1992) . SLAC1 (slow anion channel-associated 1) was identified as an S-type anion channel in screens for ozone-sensitive and CO 2 -insensitive mutants (Negi et al., 2008; Vahisalu et al., 2008) . Loss-of-function mutations in SLAC1 strongly impair the S-type anion channel activity in Arabidopsis guard cells (Vahisalu et al., 2008) . SLAC1 has four homologs (SLAH1 to SLAH4) in Arabidopsis (Negi et al., 2008; Vahisalu et al., 2008) . SLAH3 is also involved in stomatal closure as an anion channel. Both SLAC1 and SLAH3 represent S-type anion channels in Arabidopsis guard cells that mediate stomatal closure (Geiger et al., 2011) . SLAC1 is a conserved anion channel from ancient species to higher plants that is involved in stomatal closure (Kusumi et al., 2012; Lind et al., 2015) . Structural analysis revealed that SLAC1 forms a trimer, but each subunit of the trimer forms a channel pore independently (Chen et al., 2010) . SLAC1 and SLAH3 are activated by protein phosphorylation in a Ca 2+ -independent manner by OST1 (open stomata1) and CPK23 (calcium-dependent protein kinase23), respectively (Geiger et al., 2009b Lee et al., 2009 ), or in a Ca 2+ -dependent manner by GHR1 (guard cell hydrogen peroxideresistant 1), CPK3/6/21, and CBL1 (calcineurin B-like protein 1)/ CIPK23, respectively Brandt et al., 2012; Hua et al., 2012; Scherzer et al., 2012; Demir et al., 2013; Maierhofer et al., 2014) . On exposure to drought stress, plants produce ABA, which is perceived by its receptors PYR (pyrabactin resistance)/ PYL (parabactin resistance 1-like)/RCAR (regulatory component of ABA receptor). These ABA receptors interact with a few phosphatases from the PP2C (protein phosphatase 2C) family, mainly including ABI1 (ABA insensitive 1), ABI2, PP2CA, and HAB1 (hypersensitive to ABA1), to release the diverse protein kinases (Ma et al., 2009; Nishimura et al., 2009; Park et al., 2009; Nishimura et al., 2010) , which further activate SLAC1 and SLAH3 by phosphorylation (Geiger et al., 2009b Lee et al., 2009; Brandt et al., 2012; Hua et al., 2012; Scherzer et al., 2012; Demir et al., 2013; Maierhofer et al., 2014) . ALMT12 (aluminum-activated malate transporter 12)/QUAC (quick-activating anion channel 1) is an Rtype anion channel in Arabidopsis guard cells (Meyer et al., 2010; Imes et al., 2013) . The efflux of osmotic anions through R-type and S-type anion channels and the consequent K + efflux through GORK drive stomatal closure to prevent water loss.
Stomatal opening and closure are regulated by different signaling pathways, and crosstalk between the signaling pathways is essential for a precise and efficient regulation of stomatal movement. Drought stress and ABA induce stomatal closure and simultaneously prevent light-induced stomatal opening to conserve water in the daytime under drought conditions, indicating that the ABA singling pathway is capable of inhibiting the light signaling pathway to prevent stomatal opening. However, the molecular mechanism underlying the crosstalk between the ABA signaling pathway and the light signaling pathway in guard cells is largely unknown. In this study, we discovered a novel molecular mechanism that mediates crosstalk between stomatal opening and closure. In this mechanism, the signaling pathway underlying ABA-induced stomatal closure and the signaling pathway underlying light-induced stomatal opening are directly coupled by direct protein-protein interaction between the S-type anion channels SLAC1 and SLAH3 and the K + in channels KAT1 and AKT2, for efficient inhibition of stomatal opening by drought stress and ABA in Arabidopsis.
RESULTS

SLAC1 Interacts with Several K + in Channels
To investigate whether SLAC1 has an impact on K + in channels, we performed a yeast two-hybrid (Y2H) assay using the split-ubiquitin system (Obrdlik et al., 2004) . The results demonstrated that SLAC1 interacted with most of the Shaker channels present in guard cells, including KAT1, KAT2, AKT2, and KC1, but not AKT1. For this experiment, we included the N-terminal half of ubiquitin (NubG) as a negative control and OST1, which is known to activate SLAC1 (Geiger et al., 2009b) , as a positive control (Figure 1) . We next performed a bimolecular fluorescence complementation (BiFC) assay in Nicotiana benthamiana leaves using the split YFP system (Waadt et al., 2008) . YFP fluorescence was observed in epidermal cells coexpressing SLAC1 and KAT1 (Figure 2A ), SLAC1 and KAT2 ( Figure 2B ), and the positive control SLAC1 and OST1 ( Figure 2C ), but not in the negative control SLAC1 and AKT1 ( Figure 2D ). We further conducted coimmunoprecipitation (co-IP) experiments and observed a clear protein-protein interaction between SLAC1 and either KAT1 and AKT2 ( Figure 2E ). SLAC1 and SLAH3 represent the main anion channels for anion efflux and stomatal closure, while KAT1 and KAT2 represent the main K + in channels for K + influx and stomatal opening. We therefore focused on the regulation of K + in channels KAT1 and KAT2 by the S-type anion channels SLAC1 and SLAH3.
SLAC1 Strongly Inhibits KAT1, but Not KAT2, in Xenopus laevis Oocytes
To investigate whether SLAC1 regulates K + in channels, we conducted voltage-clamp experiments in X. laevis oocytes. We observed large K + in currents in positive control oocytes expressing KAT1 alone and small background conductance in the negative control oocytes injected with water ( Figures 3A, 3B , and 3G). The large KAT1-mediated K + in currents were in agreement with previous reports (Schachtman et al., 1992; Sottocornola et al., 2008; Sato et al., 2009 Sato et al., , 2010 Lebaudy et al., 2010) . However, the K + in currents were reduced significantly by the coexpression of KAT1 and SLAC1 in a [cRNA] ratio of KAT1/SLAC1-dependent manner compared with the positive control ( Figures 3C to 3H ). The K + in currents were inhibited significantly by ;50% at a [cRNA] ratio of 1:2 of KAT1/SLAC1 (t test, P value < 0.005) (Figures 3E, 3G, and 3H) , and the activation threshold of the KAT1 channel was negatively shifted by ;10 mV ( Figure 3G ). These data indicate that SLAC1 inhibits KAT1 dramatically by both reducing the K + in current amplitude and shifting the threshold voltage negatively, which implies a decrease of voltage sensitivity of KAT1 as reported previously (Hoshi, 1995; Véry et al., 1995; Marten and Hoshi, 1997 To test whether the SLAC1-mediated inhibition of KAT1 resulted from a mistargeting of KAT1 in oocytes, we analyzed the subcellular localization of KAT1. We observed a clear plasma membrane localization of KAT1 in oocytes either expressing KAT1-eGFP alone or coexpressing KAT1-eGFP and SLAC1 in a [cRNA] ratio of KAT1-eGFP/SLAC1 of either 1:1 or 1:2 (Supplemental Figure 1) , suggesting that the presence of SLAC1 did not lead to any mistargeting of KAT1 in oocytes. We then conducted an immunoblot assay. The experimental results showed a clear increase of SLAC1 protein level and a stable KAT1 protein level upon changes of the [cRNA] ratio of KAT1/SLAC1 from 1:0.5 to 1:4 ( Figure 3H ), demonstrating that the expression of KAT1 in oocytes was not repressed by the expression of SLAC1. These results together demonstrate that SLAC1 inhibits KAT1 neither by repressing the expression of KAT1 nor by leading to any mistargeting of KAT1 in oocytes, leaving the protein-protein interaction the main cause for the inhibition of KAT1 by SLAC1.
KAT2 is the closest homolog of KAT1 in the Shaker family with the highest level of amino acid sequence similarity. We therefore tested whether SLAC1 inhibits KAT2. We observed large K + in currents in positive control oocytes expressing KAT2 alone ( Figures 4B, 4D , and 4E), which was in agreement with previous reports (Pilot et al., 2001; Lebaudy et al., 2010; Ronzier et al., 2014) . We also observed large K + in currents in oocytes coexpressing KAT2 and SLAC1 in a [cRNA] ratio of KAT2/SLAC1 of 1:2 ( Figure  4C ), and the K + in currents of KAT2 were not significantly altered compared with the positive control ( Figures 4B to 4E ). Further analysis showed that neither the current amplitude nor the voltage threshold of KAT2 was markedly altered by SLAC1 ( Figures 4D  and 4E ). We then conducted an immunoblot assay and found that the expression of KAT2 was not altered by SLAC1 ( Figure 4E ), demonstrating that the voltage-clamp results were reliable.
Considering that we observed a strong interaction between SLAC1 and AKT2 (Figures 1 and 2 ), we also tested whether SLAC1 was capable of inhibiting AKT2. The voltage-clamp results (A) to (F) Typical whole-oocyte recordings of the negative control (A), oocytes expressing KAT1 alone (B), and oocytes coexpressing KAT1 and SLAC1 in a [cRNA] ratio of KAT1/SLAC1 of 1:0.5 (C), 1:1 (D), 1:2 (E), and 1:4 (F).
(G) Average current-voltage curves of steady state currents recorded in oocytes injected with water (n = 6), KAT1 cRNA (n = 7), and a cRNA mixture of KAT1 and SLAC1 in a [cRNA] ratio of KAT1/SLAC1 of 1:0.5 (n = 10), 1:1 (n = 11), 1:2 (n = 6), and 1:4 (n = 9). (H) Normalized macroscopic conductance and immunoblot analysis. The oocyte numbers for K + in recordings in (H) were the same as described for (G). Error bars depict means 6 SE. (A) to (C) Typical whole-oocyte recordings of negative control oocytes (A), positive control oocytes expressing KAT2 alone (B), and oocytes coexpressing KAT2 and SLAC1 with a [cRNA] ratio of KAT2/SLAC1 of 1:2.
(D) Average current-voltage curves of steady state whole-oocyte currents recorded in oocytes injected with water (n = 4), KAT2 cRNA (n = 6), and a cRNA mixture of KAT2 + SLAC1 (n = 6). (E) Normalized macroscopic conductance and immunoblot analysis of the oocytes expressing KAT2 with and without SLAC1. The oocyte numbers for K + in recordings in (E) were the same as described for (D). Error bars depict means 6 SE.
showed that AKT2-mediated K + in currents were significantly inhibited, whereas the K + out currents were not obviously altered by SLAC1 (Supplemental Figure 2) . We also analyzed whether KAT1 could alter the activity of SLAC1. We added 10 mM BaCl 2 to the bath solution to block K + in currents and avoid any disturbance of anion currents by K + in currents. We observed similar S-type anion channel currents both in the presence and absence of KAT1 (Supplemental Figure 3 ), indicating that KAT1 had no obvious effect on the channel activity of SLAC1.
SLAH3 Inhibits KAT1 to a Lesser Extent Than Does SLAC1
SLAH3 is a homolog of SLAC1 and functions in guard cells as an anion channel (Geiger et al., 2011) . We tested whether SLAH3 could inhibit KAT1. KAT1-mediated K + in currents were reduced significantly by ;25% in oocytes coexpressing KAT1 and SLAH3 in a [cRNA] ratio of KAT1/SLAC1 of 1:2 compared with the positive control oocytes expressing KAT1 alone (Figures 5A to 5E), demonstrating a clear inhibition of KAT1 by SLAH3, but to a much smaller extent than in SLAC1 ( Figure 3 ). We then conducted co-IP and immunoblot assays. The co-IP data showed a clear protein-protein interaction between KAT1 and SLAH3 ( Figure  5F ), and the immunoblot assay showed that the expression of KAT1 was not repressed by SLAH3 ( Figure 5E ). Thus, the co-IP and immunoblot data supported the notion that SLAH3 inhibited KAT1-mediated K + in currents by protein-protein interaction and not by repressing the expression of KAT1.
KC1 and SLAC1 Inhibit KAT1 through Different Mechanisms
KC1 has been reported as a general inhibitory regulating subunit of Shaker channels in plants (Geiger et al., 2009a; Jeanguenin et al., 2011) . We tested whether SLAC1 and KC1 inhibited KAT1 independently considering the fact that KC1 also directly interacts with and inhibits KAT1. We observed KAT1-mediated large K + in currents in positive control oocytes expressing KAT1 alone (Figures 6B, 6F, and 6G). The inhibition of K + in currents by SLAC1 and KC1 was ;55 and 60%, respectively, compared with the positive control ( Figures 6C, 6D , 6F, and 6G). Interestingly, KAT1-mediated K + in currents were diminished by ;80% in the presence of both SLAC1 and KC1 compared with the positive control (Figures 6B and 6E to 6G) . This inhibition of KAT1 in the presence of both SLAC1 and KC1 was significantly stronger than the inhibition of KAT1 by either SLAC1 or KC1 alone (t test, P value = 0.010 for SLAC1 and 0.017 for KC1), indicating that the inhibition of KAT1 by SLAC1 and KC1 partially overlapped. To confirm these voltage-clamp results, we conducted an immunoblot assay and observed a stable protein level of KAT1 in either the presence or absence of SLAC1 and/or KC1 ( Figure 6G ), demonstrating that KC1 and SLAC1 inhibited KAT1-mediated K + in currents not by repressing the expression of KAT1. Together, these results suggest that SLAC1 and KC1 may use different mechanisms to inhibit KAT1.
SLAC1-Mediated Inhibition of KAT1 Does Not Depend on the Function of SLAC1 as an Anion Channel
SLAC1 is an S-type anion channel (Negi et al., 2008; Vahisalu et al., 2008) . We therefore tested whether the inhibition of KAT1 by SLAC1 depends on SLAC1's function as an S-type anion channel. It has been reported that both a point-mutated version SLAC1-S456F in the slac1-1 mutant background and a truncated version SLAC1-D1461-1671 in the slac1-3 mutant background lost their function as an anion channel (Negi et al., 2008; Vahisalu et al., 2008) . We therefore constructed a point-mutated SLAC1, SLAC1-S456F, and a truncated SLAC1, SLAC1-D1461-1671, in the pGEMHE vector and tested whether the two loss-of-function versions of SLAC1 could inhibit KAT1 in oocytes. We first tested the S-type anion channel activity of the two mutated versions of SLAC1. Large OST1-activated S-type anion currents of wild-type SLAC1 were observed ( Figures 7C and 7H ), but neither SLAC1-S456F nor SLAC-D1461-1671 exhibited any OST1-activated anion channel activity ( Figures 7D to 7H ). Thus, we confirmed the loss of function of the two mutated SLAC1 versions. We next coexpressed KAT1 with either SLAC1-S456F or SLAC1-D1461-1671 in oocytes and observed a significant reduction of KAT1-mediated K + in currents by ;50% compared with the positive control oocytes expressing KAT1 alone (Figure 8 ). These data indicate that the loss-of-function SLAC1-S456F and SLAC1-D1461-1671 inhibited KAT1 to a similar extent as did wild-type SLAC1 (Figure 3) . Thus, the inhibition of KAT1 by SLAC1 is independent of SLAC1's function as an anion channel, leaving structural interaction as the main cause of the inhibition. To close stomata, SLAC1 needs to be phosphorylated by OST1 in the guard cells. We therefore tested whether the phosphorylation states of SLAC1 and KAT1 were involved in the SLAC1-mediated inhibition of KAT1. We used SLAC1-S456F in the experiments to avoid any disturbance of K + in currents by anion channel currents. The amplitudes of the K + in currents recorded in oocytes coexpressing KAT1+SLAC1-S456F or KAT1+SLAC1-S456F+OST1 were similar to each other (Figures 9D to 9F) and were significantly reduced to a similar extent compared with the positive control oocytes expressing KAT1 alone (Figures 9B and 9D to 9F) . We also observed similar KAT1-mediated K + in currents in oocytes in the presence or absence of OST1 ( Figures 9B, 9C, and 9F ). These data demonstrate that the phosphorylation states of SLAC1 and KAT1 are not involved in the inhibition of KAT1 by SLAC1.
Both N and C Termini of SLAC1 Are Capable of Inhibiting KAT1
To investigate which domain(s) of SLAC1 interacted with and inhibited KAT1, we conducted Y2H experiments. The experimental results showed that both the N and C termini of SLAC1 interacted with KAT1, and the N terminus was stronger than the C terminus for the inhibition of KAT1 ( Figure 10A ). We then pursued voltage-clamp experiments. The experimental results showed that the N and C termini of SLAC1 inhibited KAT1-mediated K + in currents by ;50 and 25%, respectively, compared with positive control oocytes expressing KAT1 alone ( Figures 10C to 10H) . Moreover, the N terminus of SLAC1 inhibited KAT1-mediated K + in currents in a percentage similar to that of full-length SLAC1 and was stronger than the C terminus of SLAC1 ( Figures 10C, 10D , and 10F to 10H). The Y2H data and voltage-clamp results were consistent with each other. These results demonstrate that both the N and C termini of SLAC1 are involved in the inhibition of KAT1. (A) to (E) Typical whole-oocyte recordings of negative control oocytes injected with water (A), positive control oocytes expressing KAT1 alone (B), and oocytes injected with a mixture of cRNA of KAT1 and SLAC1 at a ratio of 1:2 (C), a mixture of cRNA of KAT1 and KC1 at a ratio of 1:1 (D), and a mixture of cRNA of KAT1, SLAC1, and KC1 at a ratio of 1:2:1 (E). (F) Average current-voltage curves of steady state currents recorded in the negative control (n = 5), the positive control (n = 7), and oocytes injected with a cRNA mixture of KAT1 + SLAC1 (n = 5), KAT1 + KC1 (n = 5), and KAT1 + SLAC1 + KC1 (n = 5). (G) Normalized macroscopic Shaker conductance and immunoblot analysis. The oocyte numbers for K + in recordings in (G) were the same as described for (F). Error bars depict means 6 SE. (A) to (G) Typical whole-oocyte recordings of control oocytes injected with water (A) and oocytes injected with the cRNA of SLAC1 alone (B), SLAC1 + OST1 (C), SLAC1-S456F alone (D), SLAC1-S456F + OST1 (E), SLAC1-D1461-1671 alone (F), and SLAC1-D1461-1671 + OST1 (G). The ratios of cRNA mixture in (C) and (E) to (G) were 1:1. (H) Average instantaneous SLAC1 currents recorded at 2100 mV. The number of oocytes tested was 5 for the control, SLAC1, SLAC1 + OST1, SLAC1-S456F, SLAC1-S456F + OST1, and SLAC1-D1461-1671, and four for SLAC1-D1461-1671 + OST1. Error bars depict means 6 SE.
The C Terminus of KAT1 Is Essential for Its Inhibition by SLAC1
To find out which domain(s) of KAT1 was responsible for its inhibition by SLAC1, we aligned the amino acid sequences of KAT1 and KAT2. The alignment results showed that the major differences between KAT1 and KAT2 amino acid sequences were in the C termini (Supplemental Figure 4) . We therefore hypothesized that the C terminus of KAT1 was the main domain to interact with SLAC1 for the SLAC1-mediated inhibition of KAT1. We then conducted domain swapping experiments by exchanging the C-terminal domain between KAT1 and KAT2. The chimeric KAT1 with a C terminus of KAT2 was termed KAT1ds2, while the chimeric KAT2 with a C terminus of KAT1 was termed KAT2ds1. We then pursued voltageclamp experiments and observed large K + in currents in oocytes expressing either KAT1ds2 or KAT2ds1 alone ( Figures 11B, 11D , 11F, and 11G), demonstrating that the two chimeric K + in channels have normal K + in channel activity as for wild-type KAT1 and KAT2 (Figures 3 and 4) . We then coexpressed SLAC1 with either KAT1ds2 or KAT2ds1 in oocytes and found that SLAC1 reduced the K + in currents of KAT2ds1 significantly by ;60% compared with the K + in currents recorded in oocytes expressing KAT2ds1 alone ( Figures  11D to 11G ) but failed to inhibit KAT1ds2-mediated K + in currents compared with the K + in currents recorded in oocytes expressing KAT1ds2 alone ( Figures 11B, 11C, 11F, and 11G) . We then performed an immunoblot assay and observed stable protein levels of KAT1ds2 and KAT2ds1 in the presence and absence of SLAC1 ( Figure 11G ), demonstrating that SLAC1 inhibited the K + in currents of KAT2ds1 not by repressing the expression of KAT12ds1. Together, these results demonstrate that the C terminus of KAT1 is essential for the inhibition of KAT1 by SLAC1.
The Overexpression of Wild-Type SLAC1 and Truncated SLAC1 Dramatically Reduces K + in Currents of Arabidopsis Guard Cells
To test whether the overexpression of SLAC1 and SLAH3 leads to the inhibition of KAT1 in Arabidopsis guard cells, we generated transgenic Arabidopsis lines by overexpressing SLAC1 driven by a 35S promoter in the wild-type Columbia background. Two lines showing significant increases in SLAC1 expression were selected and were termed SLAC1-OE1 and SLAC1-OE3 ( Figure 12A ). We also generated transgenic lines by expressing SLAH3 in the Columbia wild-type background. One transgenic line was selected and was termed SLAH3-OE1 ( Figure 12B ). We performed patch-clamp experiments in the guard cell protoplasts of the three transgenic lines and Columbia wild type. Large whole-cell (E) Average current-voltage curves of whole-oocyte currents recorded in oocytes injected with water (n = 5), KAT1 cRNA (n = 7), a cRNA mixture of KAT1 + SLAC1-S456F (n = 6), and a cRNA mixture of KAT1 + SLAC1-D1461-1671 (n = 10). (F) Relative macroscopic Shaker conductance and immunoblot analysis. The oocyte numbers for K + in recordings in (F) were the same as described for (E). Error bars depict means 6 SE. (A) to (E) Typical whole-oocyte recordings of oocytes injected with water (A) and the cRNA of KAT1 (B), KAT1 + OST1 (C), KAT1 + SLAC1-S456F (D), and KAT1 + OST1 + SLAC1-S456F (E). (F) The average current-voltage curves of whole-oocyte currents and the oocyte numbers were 4 for the oocytes injected with water and the oocytes injected with the cRNA of KAT1, KAT1 + OST1, KAT1 + SLAC1-S456F, and KAT1 + OST1 + SLAC1-456F. Error bars depict means 6 SE. K + in currents were readily observed in the wild-type guard cell protoplasts ( Figures 12D and 12J ), while only much smaller K + in currents with a reduction of ;70% compared with the wild type were observed in SLAC1-OE1 and SLAC1-OE3 ( Figures 12D to  12F and 12J) . The K + in currents of SLAH3-OE1 guard cells were significantly reduced by ;35% compared with the Columbia wild type ( Figures 12D, 12G, and 12J ). The inhibition of K + in currents by SLAH3 was ;50% less than the inhibition of K + in currents by SLAC1 ( Figure 12 ). These data are consistent with the voltageclamp results in X. laevis oocytes (Figures 3 and 5) . We next generated transgenic Arabidopsis lines by overexpressing truncated SLAC1 with the N terminus deleted, but with the 10 transmembrane domains retained (termed SLAC1DN hereafter), or by expressing truncated SLAC1 with the C terminus deleted, but with the 10 transmembrane domains retained (termed SLAC1DC hereafter), under a 35S promoter. The 10 transmembrane domains could ensure a plasma membrane localization of the truncated SLAC1 in guard cells. We isolated four lines overexpressing SLAC1DN, which were termed SLAC1DN-OE1 to SLAC1DN-OE4. We also isolated five lines overexpressing SLAC1DC, which were termed SLAC1DC-OE1 to SLAC1DC-OE5. SLAC1DN-OE1 and SLAC1DC-OE1 were selected for whole-cell patch-clamp experiments in guard cell protoplasts. The patchclamp results showed that the K + in currents of the guard cells of both SLAC1DN-OE1 and SLAC1DC-OE1 were significantly (A) Y2H data show protein-protein interaction between KAT1 and either SLAC1's N terminus or SLAC1's C terminus. (B) to (F) Typical whole-oocyte recordings of oocytes injected with water (B) and the cRNA of KAT1 (C), KAT1 + full-length SLAC1 (D), KAT1+ SLAC1 N terminus (E), and KAT1 + SLAC1 C terminus (F). (G) The average current-voltage curves of whole-oocyte currents of the oocytes injected with water (n = 5), the cRNA of KAT1 (n = 9), KAT1 + fulllength SLAC1 (n = 7), KAT1 + SLAC1 N terminus (n = 9), and KAT1 + SLAC1 C terminus (n = 8).
(H) Normalized macroscopic Shaker conductance of the oocytes. Normalization was performed as described in Methods, and the numbers of oocytes tested were the same as described for (G). Error bars depict means 6 SE. Figure 11 . The C Terminus of KAT1 Plays an Essential Role in the SLAC1-Mediated Inhibition of KAT1.
(A) to (E) Typical whole-oocyte recordings of oocytes injected with water (A), the cRNA of KAT1ds2 (B), a cRNA mixture of KAT1ds2 + SLAC1 (C), the cRNA of KAT2ds1 (D), and a cRNA mixture of KAT2ds1 + SLAC1 (E).
(F) Average current-voltage curves of whole-oocyte currents recorded in the oocytes injected with water (n = 6) and the cRNA of KAT1ds2 (n = 6), KAT1ds2 + SLAC1 (n = 5), KAT2ds1 (n = 6), and KAT2ds1 + SLAC1 (n = 6).
(G) Normalized macroscopic Shaker conductance and immunoblot analysis. The oocyte numbers for K + in recordings in (G) were the same as described for (F). Error bars depict means 6 SE. inhibited by ;70% compared with Columbia wild type ( Figures  12D and 12H to 12J ). These results demonstrate that both the N and C terminuses of SLAC1 are capable of inhibiting K + in channel currents in vivo.
Together, these results strongly suggest that SLAC1 functions as an essential inhibitory regulator of K + in currents in Arabidopsis guard cells, while SLAH3 is involved in the inhibitory regulation of K + in currents of the guard cells, but to a lesser extent than is SLAC1.
Light-Induced Stomatal Opening Is Significantly Impaired by the Overexpression of Either Full-Length SLAC1 or Truncated SLAC1 in Arabidopsis
We next performed a light-induced stomatal opening assay using epidermal strips. The results showed that light-induced stomatal opening was impaired significantly by the overexpression of fulllength SLAC1 in the transgenic Arabidopsis lines SLAC1-OE1 and SLAC1-OE3 ( Figure 13A ) and by the overexpression of the truncated SLAC1 in transgenic lines SLAC1DN-OE1 and SLAC1DC-OE1, compared with Columbia wild type ( Figure 13B ). These results demonstrate that the upregulation of the expression level of SLAC1 is essential for the inhibition of stomatal opening in Arabidopsis.
Drought Stress Induces a Significant Upregulation of the Expression of SLAC1 and SLAH3 in Arabidopsis Guard Cells
To test whether drought stress actually upregulates the expression of S-type anion channel genes, we tested the expression of a number of ion channel genes, including SLAC1, SLAH3, and KAT1, in guard cell-enriched isolates derived from blended leaves using qRT-PCR. Well-watered plants were used as a negative control, while RD29A was used as a reporter for drought stress. The experimental results showed a significant drought stressinduced upregulation of the expression of SLAC1 and SLAH3 by ;2-to 4-fold in wild-type Arabidopsis guard cells (Figure 14) , whereas the expression of KAT1 was not obviously upregulated in currents recorded in the guard cell protoplasts of Columbia wild type (n = 11), SLAC1-OE1 (n = 9), SLAC1-OE3 (n = 8), SLAH3-OE1 (n = 5), SLAC1ΔN-OE1 (n = 8), and SLAC1ΔC-OE1 (n = 7). SLAC1-NT and SLAC1-CT denote the N terminus and the C terminus of SLAC1, respectively. Error bars depict means 6 SE.
( Figure 14) . The method of blending leaves could greatly enrich the guard cells in the materials for qRT-PCR; however, this method cannot guarantee the removal of all other cells, including mesophyll cells, epidermal cells, and vasculature cells. In addition, the 35S promoter is not guard cell specific. We therefore could not absolutely exclude the effects of those cells on the qRT-PCR results. However, considering the guard cell-specific expression of SLAC1 (Negi et al., 2008) and the strong upregulation of the expression of SLAC1 and SLAH3 (;4-fold), we are confident that the qRT-PCR data reflect the expression levels of the ion channels in guard cells. (Mikosch et al., 2006; Sutter et al., 2007; Eisenach et al., 2012; Zhang et al., 2015) . High cytosolic Ca 2+ has been reported to inhibit K + in channels (Schroeder and Hagiwara, 1989) . ABA needs to first trigger the production of reactive oxygen species to activate Ca 2+ channels, which mediate the influx of external Ca 2+ to increase the cytosolic Ca 2+ concentration (Pei et al., 2000; Allen et al., 2001 Allen et al., , 2002 . It has also been reported that KAT1 can be inhibited through phosphorylation by kinases and that the C terminus of KAT1 is the main targeting site for this phosphorylation event (Mori et al., 2000; Sato et al., 2009 Sato et al., , 2010 Acharya et al., 2013) . All these diverse regulators are involved in KAT1 regulation, which may be slow and consume energy. In this study, we discovered a novel molecular mechanism for the inhibition of stomatal opening by ABA (Figure 15 ). In this mechanism, the signaling pathways for stomatal opening and closure are directly coupled by the protein-protein interaction between S-type anion channels and K + in channels (Figure 15 ). When plants are stressed by drought, ABA triggers several signaling branches. One branch is the activation of SLAC1 and SLAH3 through the well-known signaling pathway, ABA-ABA receptors-phosphatases-protein kinases-anion channels, to close stomata ( Figure 15 ). In this branch, ABA may use the SLAC1 and SLAH3 proteins synthesized before the onset of drought stress. The second branch is the upregulation of the expression of SLAC1 and SLAH3, and the third branch is the inhibition of KAT1 by SLAC1 and SLAH3 (Figure 15 ). The de novo-synthesized anion channels through the second branch can join the first branch to be activated by protein kinases to accelerate and facilitate the efflux of anions and hence lead to stomatal closure. The accumulated SLAC1 and SLAH3 simultaneously inhibit K + in channels to prevent stomatal opening by protein-protein interaction (Figure 15 ). This mechanism seems quite "smart" because the signaling pathways for stomatal closure and opening are coupled directly, which makes both stomatal closure and the inhibition of stomatal opening more efficient. Furthermore, the inhibition of KAT1 by SLAC1 and SLAH3 is independent of the functions of SLAC1 and SLAH3 as anion channels. Therefore, this direct coupling mechanism allows ABA and drought stress to close stomata and prevent stomatal opening more efficiently and in a more energy-efficient way relative to the multistep mechanisms. Nevertheless, guard cells may integrate different mechanisms for a precise regulation of stomatal movement. There are still remaining questions to be addressed. For example, it remains to be determined how SLAC1 and SLAH3 find and inhibit KAT1 in the plasma membrane of Arabidopsis guard cells in a situation where the protein-protein interaction is required. One possibility is that SLAC1 and SLAH3 may diffuse around to catch KAT1, probably with the help of unknown partners. SLAC1 can interact with KC1, KAT2, and AKT2. These three K + in channels could be the partners of SLAC1 and could function as mediators to recruit SLAC1 and KAT1 by protein-protein interaction with both sides, so that SLAC1 and KAT1 have a greater chance of coming in contact. In addition, the accumulation of SLAC1 and SLAH3 could also increase the protein density in the plasma membrane of guard cells to make it easier for SLAC1 and SLAH3 to come in contact with KAT1.
SLAC1 and SLAH3 Inhibit KAT1 by Affecting the Regulatory Nature of the C Terminus of KAT1, a Mechanism Different from That of KC1 KC1 functions in plant cells as a general inhibitory regulator of Shaker K + channels by integrating itself into tetramers as a subunit of the K + in channels (Jeanguenin et al., 2011) . Shaker channels have six transmembrane domains for each subunit and assemble as homo-or heterotetramers (Ward et al., 2009; Kim et al., 2010; Dreyer and Uozumi, 2011; Hedrich, 2012; Kollist et al., 2014) . On the other hand, SLAC1 has 10 transmembrane domains for each subunit (Negi et al., 2008; Vahisalu et al., 2008) and assembles as a trimer (Chen et al., 2010) . Since the topological structures of SLAC1 and Shaker channels are quite different, it seems unlikely that SLAC1 integrates itself, like KC1, into K + in channels as a regulatory subunit. Indeed, only partial overlap of the inhibition of KAT1 by SLAC1 and KC1 ( Figure  6 ) indicates that SLAC1 and KC1 regulate the activity of KAT1 probably through different mechanisms. Furthermore, the partial overlap in the inhibitory effects of SLAC1 and KC1 on KAT1 ( Figure  6 ) also implies that SLAC1 and KC1 may affect each other in the inhibition of KAT1. In other words, KC1 may be involved in and amplify the inhibitory effects of SLAC1 on KAT1 (see below for more discussion).
Shaker channels are K + selective, and their ion selectivity is conferred by the pore-surrounding helixes and P loops of each subunit in the tetramers (Lebaudy et al., 2007; Szczerba et al., 2009; Dreyer and Uozumi, 2011) . On the other hand, the SLAC1/ SLAH family is known as the anion channel family, and its members show different anion selectivity. SLAC1 and SLAH3 are permeable to both nitrate and chloride, whereas SLAH2 is nitrate specific without obvious permeability to chloride. Structural analysis revealed that the ion selectivity of SLAC1 may be conferred by its own topological structure (Chen et al., 2010) . Recent research showed that the selectivity of SLAC/SLAH is determined by the polarity of pore-lining residues, which are localized in the alpha helix 3 (Maierhofer et al., 2014) . Nevertheless, considering the structural difference between the two types of channels, it seems that S-type anion channels may not be able to alter the topological structures of Shaker members and vice versa. This may account for the observation that the inhibition of KAT1 by SLAC1 is independent of SLAC1's function as an anion channel (Figures 8, 9, and 12) ; similarly, KAT1 has no effect on the anion channel activity of SLAC1 (Supplemental Figure 3) .
The C terminus of KAT1 and the N terminus of SLAC1 are regulatory domains Hoshi, 1997, 1998; Vahisalu et al., 2010; Brandt et al., 2012; Maierhofer et al., 2014) . The interaction between SLAC1 and the C terminus of KAT1 may affect the regulatory functions of the C terminus of KAT1, including open probability (Supplemental Figure 6 ) and voltage sensitivity, and may further lead to the inhibition of KAT1. Therefore, the N terminus of SLAC1 may simultaneously play dual roles for the regulation of SLAC1 itself and KAT1. In addition, the C terminus of SLAC1 is also capable of inhibiting KAT1, but to a weaker extent (Figure 10 ). Both N and C termini of SLAC1 may coordinate to strengthen the protein interaction with KAT1 for the inhibition of K + in currents. Drought stress triggers the production of ABA, which in turn triggers three signaling branches, including the upregulation of SLAC1, the activation of anion channels SLAC1 and SLAH3, and the inhibition of K + in channels KAT1 and AKT2 and stomatal opening. SLAC1 and SLAH3 play dual roles of mediating anion efflux and inhibiting K + in currents. Arrows and T-bars represent positive and negative regulation, respectively. The C-terminal amino acid sequences of AKT2 are similar to KAT1 (Supplemental Figure 4) . This similarity may account for the inhibition of AKT2-mediated K + in currents by SLAC1 (Supplemental Figure 2) . However, the K + out currents may be from AKT2 and/or native channels of the oocytes. Thus, it is unclear why the K + out currents were not altered by SLAC1 in oocytes.
Different Molecular Mechanisms Underlie the SLAC1-Mediated Inhibition of K + in Channels in Arabidopsis Guard Cells K + in currents were reduced by SLAC1 by ;50% in oocytes and over 70% in guard cells. The stronger inhibition of K + in currents in guard cells relative to the inhibition of K + in currents in oocytes by SLAC1 might result from higher protein ratio between SLAC1/ SLAH3 and KAT1 than in oocytes because our qRT-PCR data showed that the expression of SLAC1 and SLAH3 was upregulated strongly by drought stress. Second, K + in channels must be homotetramers in oocytes expressing either KAT1 or AKT2 alone because of the absence of other Shaker members. However, most K + in channels in guard cells are expected to be heterotetramers because of the presence of diverse Shaker members. The heterotetramers can be inhibited by SLAC1 and SLAH3 if they contain one or more KAT1 subunits. The heterotetramers also have a greater chance of being inhibited by SLAC1 if they contain KAT1 and other Shaker members, such as AKT2, KC1, and KAT2, which could interact with SLAC1, so that SLAC1 could be recruited to further interact with KAT1 and inhibit the tetramers. Thus, the inhibitory effects of SLAC1 on K + in currents could be amplified. In this situation, the formation of K + in channels as heterotetramers is an important regulating mechanism for K + in channels, and SLAC1 could function more efficiently as negative regulators of the Shaker K + in channels based on this formation of the tetramers. We reported previously that the mutations in SLAC1 led to a strong inhibition of K + in currents by ;80% in Arabidopsis guard cells and that stomatal opening was also impaired in slac1-1 and slac1-3 mutants under well-watered conditions (Laanemets et al., 2013) . Another group reported a similar phenotype in slac1-1 mutant . In this research, a novel regulating mechanism for K + in channels is revealed. It seems surprising that both loss-of-function mutations and overexpression of SLAC1 would inhibit K + in channels and stomatal opening in Arabidopsis. Considering that the strong inhibition of K + in currents is independent of SLAC1's function as an anion channel in both oocytes and Arabidopsis guard cells (Figures 8, 9 , and 12), we propose that the mutations in SLAC1 could induce the overexpression of loss-of-function SLAC1, including the pointmutated version and the truncated SLAC1 as a feedback. This is because the stomata do not close in the presence of drought stress and ABA in slac1-1 and slac1-3 mutants, and plants may perceive the expression level of SLAC1 as being low. Therefore, plants may try to restore anion efflux by upregulating the expression of anion channel genes. The accumulation of the lossof-function SLAC1 could further result in the inhibition of K + in currents. To test the hypothesis, we pursued qRT-PCR experiments repeatedly but failed to observe any obvious upregulation of the mutated SLAC1 in the Arabidopsis mutants slac1-1 and slac1-3 (Supplemental Figure 5) . Therefore, it seems that different molecular mechanisms in the Arabidopsis slac1-1 and slac1-3 mutants mediate the inhibition of K + in currents of guard cells. Cytosolic Ca 2+ is known as a negative regulator of K + in channels in guard cells (Schroeder and Hagiwara, 1989) . In fact, we reported previously that the decrease of cytosolic Ca 2+ concentration partially released the inhibition of K + in currents in slac1-1 and slac1-3 mutants (Laanemets et al., 2013) , indicating a signaling connection between Ca 2+ signaling and K + in channels through SLAC1. In addition, it has been reported that the elevation of cytosolic pH as a result of the mutation in SLAC1 was a cause of the inhibition of K + in channels in Arabidopsis guard cells (Blatt and Grabov, 1997; Wang et al., 2012) . Considering the involvement of other factors, such as G proteins and SNAREs, it seems that the mechanisms that regulate K + in channels in guard cells are quite complex, and diverse regulators and molecular mechanisms may be involved in this process.
It has been proposed that K + in currents of guard cells need to be completely inhibited to impair stomatal opening in Arabidopsis (Szyroki et al., 2001) . K + in currents were strongly inhibited in the knockout mutant kat1, while light-induced stomatal opening was not impaired (Szyroki et al., 2001) . On the other hand, a similar reduction in K + in currents of Arabidopsis guard cells has been observed in dominant-negative KAT1 mutants in the wild-type background and dominant-negative KAT1 mutants in the knockout mutant kat2 background, and stomatal opening was impaired in these mutants (Kwak et al., 2001; Lebaudy et al., 2008) . The strong inhibition of K + in currents by the loss-of-function mutations Laanemets et al., 2013) and the overexpression of SLAC1 in this research revealed two more mechanisms that regulate K + in channels and stomatal opening. Thus, it seems that the regulation of K + in channels in guard cells is a complex process and that K + in currents need not be completely blocked to impair stomatal opening, as different molecular mechanisms are involved. Further research is needed to reveal the signaling network underlying K + in channel regulation and stomatal movements.
METHODS
In Vitro Transcription and Gene Expression in Xenopus laevis Oocytes
For K + in current recordings in oocytes, the coding sequences of KAT1, KAT2, KC1, KAT1ds2, KAT2ds1, SLAC1, SLAH3, SLAC1-S456F, SLAC1-D1461-1671, SLAC1-NT, and SLAC1-CT were cloned into pGEMHE as described previously (Liman et al., 1992; Xu et al., 2006) . SLAC1-NT and SLAC1-CT denote the N terminus and the C terminus of SLAC1, respectively. For anion current recordings in oocytes, the coding sequences of SLAC1, SLAC1-S456F, and SLAC1-D1461-1671 were cloned into the pGEMHE-YFP C vector, and OST1 was cloned into the pGEMHE-YFP N vector, as described previously (Geiger et al., 2009b) . The N terminus, transmembrane domains, and C terminus of SLAC1 refer to the Met 1 -Phe 188 , Pro 189 -Phe 498 , and Val 499 -His 556 peptides, respectively (Chen et al., 2010) . The C terminus of KAT1 refers to the His 301 -Asn 677 peptide, whereas the C terminus of KAT2 refers to the His 301 -Ser 697 peptide (Uozumi et al., 1998) . The cRNAs were transcribed in vitro using the T7 RiboMAX large-scale RNA production system (Promega). Oocytes were isolated from X. laevis, and each oocyte was injected with 20 ng cRNA. The oocytes were incubated in ND96 solution at 16°C for 2 to 3 d after injection (Xu et al., 2006) , and ion currents were recorded after incubation in a bath solution as described below.
Two-Electrode Voltage-Clamp Recordings in X. laevis Oocytes
Whole-oocyte voltage-clamp experiments were performed 2 to 3 d after cRNA injection using two-electrode voltage-clamp equipment with an Axoclamp 900A amplifier connected to a 1440A interface (Axon Instruments) at room temperature (;20°C). Glass pipettes were prepared using a glass capillary puller (model PC-10; Narishige). The glass microelectrodes were filled with 3 M KCl as pipette solution. Anion currents were recorded using Kulori-based solutions containing 1 mM CaCl 2 , 1 mM MgCl 2 , 2 mM KCl, 24 mM NaCl, 70 mM Na-gluconate, and 10 mM MES-Tris (pH 5.6) as described previously (Geiger et al., 2009b) . For K + in current recordings, bath solution contained 96 mM KCl, 1.8 mM MgCl 2 , 1.8 mM CaCl 2 , and 10 mM HEPES-NaOH (pH 7.2) as described previously (Xu et al., 2006) . Whole-oocyte currents were filtered using a 20-MHz low-pass filter, digitized through a Digidata 1440A, and saved on a hard drive of a personal computer. Clampex10.2 software (Axon Instruments) was used for data acquisition and analysis. For normalization of K + in currents, the conductance of each oocyte was divided by the mean conductance of oocytes expressing KAT1 or KAT2 alone as described previously (Jeanguenin et al., 2011) .
Yeast Two-Hybrid Assay
The coding sequences of SLAC1 were amplified using gene-specific primers (forward, 39-ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATGGA-GAGGAAACAGTCAAA-59, and reverse, 39-TCCGCCACCACCAAC-CACTTTGTACAAGAAAGCTGGGTAGTGATGCGACTCTTCCT-59). For CubPLV fusions, pMetYC gate was cleaved with PstI/HindIII and used together with PCR products to cotransform THY.AP4. Transformants were selected on SC (Selenite Cystine Broth) lacking Leu. Several clones from THY.AP4 transformants were transferred and incubated in liquid SC media (-Leu), and yeast plasmids were extracted. The yeast plasmids were then transformed into Escherichia coli, and DNA sequences of the constructs (SLAC1-Cub) were confirmed by sequencing. KAT2 and OST1 were cloned into the vector pNXgate32-3HA using EcoRI/SmaI (Nub-KAT2 and Nub-OST1). N-KAT1-3HA (Nub-KAT1) was prepared using the mbSUS system (Obrdlik et al., 2004) . For Y2H assays, SLAC1-Cub was cotransformed with Nub-KAT1, Nub-KAT2, Nub-OST1, or empty Nub vector into the yeast strain THY.AP4 using the lithium acetate transformation method (Obrdlik et al., 2004) . To select positive clones, the transformants were selected on SD/-Leu-Trp medium and then streaked on selective medium (SD/-Leu-Trp-His-Ade).
BiFC Assay in Nicotiana benthamiana Epidermal Cells
The coding regions of OST1 and KAT1 were cloned into pSPYNE(R)173 using BamHI/SalI sites, and the coding region of SLAC1 was cloned into pSPYCE(MR) using the same sites (Waadt et al., 2008) . KAT2 and AKT1 were cloned into pSPYNE(MR) using BamHI/XhoI and XbaI(SpeI)/SalI sites, respectively. All the plasmids were introduced into Agrobacterium tumefaciens GV3101 and coinfiltrated at OD 600 = 0.6 to ;0.8. The YFP fluorescence of the N. benthamiana leaves was observed 2 to 4 d after the infiltration. The images were acquired using a Zeiss LSM510 META confocal microscope (Carl Zeiss).
Immunoblot Analysis and Co-IP Experiments
For immunoblots in oocytes, the coding sequences of KAT1, KAT2, KAT1ds2, KAT2ds1, and KC1 were fused upstream of Myc or FLAG as indicated, while SLAC1 and SLAH3 were fused downstream of HA in the pGEMHE vector. Total oocyte membrane protein was extracted using extraction buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5 mM EDTA, 1% SDS, 0.5 mM PMSF, and protein inhibitor [Roche]) (Liu et al., 2008) . Oocyte homogenate was centrifuged at 12,000g for 3 min at 4°C, and the supernatant was used for immunoblot assay. To determine the protein levels, antibodies for Myc (Millipore), HA (Sigma-Aldrich), and FLAG (Sigma-Aldrich) were used in immunoblots.
For co-IP experiments, total membrane proteins were extracted with lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5 mM PMSF, and protein inhibitor [Roche] ). Oocyte homogenates were incubated at 4°C for 1 h and were centrifuged at 12,000g for 3 min at 4°C. Anti-HA agarose (Sigma-Aldrich) was incubated with the supernatant for 5 h at 4°C. The co-IP products were washed gently five times using washing buffer, which contained 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 0.5 mM PMSF, protein inhibitor (Roche), and 20 mM Tris-HCl (pH 7.5). The chemiluminescence signal was detected using autoradiography.
Plant Growth and Isolation of Arabidopsis thaliana Guard Cell Protoplasts
Arabidopsis plants were grown in a controlled growth room with a cycle of 16 h light and 8 h dark at 22°C. Leaves of 3-to 4-week-old plants were used to isolate guard cell protoplasts. Epidermal strips were manually peeled from the leaves using a pair of tweezers and were enzymatically digested for ;16 h at 23°C in a shaker with a shaking speed of 60 rpm, and guard cell protoplasts were collected by centrifugation as described (Pei et al., 1997; Vahisalu et al., 2008) .
Whole-Cell Patch-Clamp Experiments and Data Analysis
For whole-cell K + in current recordings using the patch-clamp technique in Arabidopsis guard cell protoplasts, the bath solution contained 30 mM KCl, 1 mM CaCl 2 , 2 mM MgCl 2 , and 10 mM MES-Tris, pH 5.8, and the pipette solution contained 30 mM KCl, 70 mM K-glutamate, 2 mM MgCl 2 , 6.7 mM EGTA, 3.35 mM CaCl 2 , 5 mM ATP, and 10 mM HEPES-Tris, pH 7.1. Glass pipettes were prepared using a glass capillary puller (model PC-10; Narishige) and a microforge (model MF-830; Narishige). Whole-cell patchclamp experiments were performed using an Axopatch 200B amplifier (Axon Instruments) equipped with an inverted microscope (model A1; Carl Zeiss) and connected to a computer through a 1440A interface (Axon Instruments). Whole-cell K + in currents were recorded 3 min after accessing to a whole-cell configuration, and the membrane voltage with a 4-s duration for each voltage was stepped from 2180 to +40 mV in a +20-mV increment as indicated. Seals were >10 GV, and a liquid junction potential of 25.7 mV was measured and corrected as described previously (Ward and Schroeder, 1994) . No leak subtractions were applied.
Stomatal Opening Assay
Epidermal strips were peeled manually from the leaves of 2-to 3-week-old plants and incubated for 3 h in opening buffer in darkness as described previously (Vahisalu et al., 2008) . Epidermal strips were then exposed to light for a certain period of time as indicated. The stomatal apertures were then measured using an inverted microscope (model D1; Carl Zeiss) equipped with a neo CCD camera (Andor Technology). Image J was used to measure stomatal apertures.
qRT-PCR
Rosette leaves of 3-week-old plants were blended using a commercial blender in deionized water three times for 5 s each to remove most of the other types of cells, including mesophyll cells, vasculature cells, and some epidermal cells. The materials derived from blended leaves and greatly enriched in guard cells were collected using a nylon mesh (pore size, 100 mm). Total RNA was extracted from the guard cell-enriched isolates using Trizol reagent (Invitrogen), and cDNA was synthesized from RNA with TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix. qRT-PCR experiments using SYBRGreen were performed using TransStart Top Green qPCR SuperMix (Transgen) on a Bio-Rad CFX Connect real-time PCR system according to the manufacturer's protocols as described previously . Quantification of the relative gene expression was achieved by normalization to ACT2. Primers are listed in Supplemental Table 1 .
Accession Numbers
Sequence data from this article can be found in GenBank database under accession numbers AT1G12480 (SLAC1), AT5G24030 (SLAH3), AT5G46240 (KAT1), AT4G18290 (KAT2), AT2G26650 (AKT1), AT4G22200 (AKT2), AT4G32650 (KC1), AT4G33950 (OST1), AT5G52310 (RD29A), and AT3G18780 (ACTIN2).
Supplemental Data
Supplemental Figure 1 . KAT1 localizes in the plasma membrane of oocytes in either presence or absence of SLAC1.
Supplemental Figure 2 . AKT2-mediated K + in currents were inhibited by SLAC1 in oocytes.
Supplemental Figure 3 . KAT1 had no effects on SLAC1-mediated anion channel currents.
Supplemental Figure 4 . Amino acid sequence alignment among KAT1, KAT2, and AKT2.
Supplemental Figure 5 . Expression levels of full-length, pointmutated, and truncated SLAC1 were not altered in slac1-1 and slac1-3 mutants compared with the wild type.
Supplemental Figure 6 . The relative open probability of KAT1 was inhibited by the presence of SLAC1 in oocytes.
Supplemental Table 1 . Primers for qRT-PCR experiments.
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